We present a metasurface composed of graphene ribbon superlattice that supports plasmonic Fano resonance in a simple symmetric configuration. Without the necessity of changing the geometry size of graphene ribbons, we tune the Fano resonance of the metasurface containing identical graphene ribbons by simply changing the global or local periods of the superlattice. The increase of the global period of the superlattice leads to a blue-shift of the broad resonance of the bright mode, while the increase of the local period leads to simultaneous shifts of the broad resonance of the bright mode and the sharp resonance of the dark mode toward opposite direction with respect to each other. The resonance shift mechanism can be well explained by the restoring force model for longitudinal dipole arrays. In addition, the overall spectral position of the Fano resonance can be actively tuned by the fermi level of graphene ribbons. Our methods provide a simple and flexible pathway to tune the plasmonic Fano resonance, which holds great potentials for tunable biosensing and slow light applications with improved performance.
Introduction
Surface plasmon (SP) that is usually supported by nanostructures of noble metals is widely studied in the nanophotonic field due to its capability to confine light in subwavelength scale and thus the potential to miniaturize photonic devices. Recently, graphene has been reported as a novel plasmonic material beyond noble metals [1] - [5] , as the plasmon frequency of graphene is tunable via electrostatic gating or chemical doping, and the propagating graphene plasmons (GPs), which are supported in a continuous graphene sheet, can be extremely confined down to volumes that are several orders of magnitude smaller than plasmons in noble metals, due to the extremely large propagation constants of the GPs. The graphene plasmon resonances, which stem from the localized surface plasmons supported by graphene nanostructures, have been found in graphene ribbons [1] , [6] - [9] , cut wires [10] , disks [11] , [12] , and so on, which can be used for various fields such as perfect absorption [13] , [14] , abnormal reflection [15] , wavefront steering [16] - [18] , etc.
Specifically, Fano resonance with an ultra-sharp linewidth in plasmonic systems is of particular interest, due to its wide usage in slow light [19] , nano-lasing [20] , [21] switching [22] , [23] and biosensing [23] - [26] fields. To obtain tunable Fano resonance in graphene-based plasmonic metasurfaces, graphene ribbon with broken symmetry [27] - [29] , complex graphene cut-wire combination [30] , [31] , graphene ring pairs with different sizes [32] , [33] have been proposed. In those graphene metasurfaces, the Fano resonance is a result of the interference of two or more individual plasmonic resonant modes supported by multiple graphene structures with different geometries. Therefore, stringent geometry size and alignment precision is required, which adds the fabrication complexity and limits the tuning flexibility of Fano resonances.
In this paper, we present a simple way to obtain the Fano resonance in a graphene ribbon superlattice. Instead of the employing of individual plasmonic resonances in different structure geometries, we use graphene ribbons with an identical geometry while exploiting the Fano resonance by the interference of the in-phase mode and out-of-phase mode supported by a supercell containing tri-ribbons. The spectral tuning of Fano resonance in our structure depends on the relative spacing (or period) between adjacent graphene ribbons, without changing the geometric size of each graphene ribbon, which simplifies the fabrication process and makes the resonance tuning more flexible and convenient. By changing the global or local period of the superlattice, we can either make the solo shift of the broad resonance of the dark mode, or simultaneous shifts of both the broad resonance of bright mode and the sharp resonance of dark mode towards opposite directions, which can be well explained by the restoring force model [34] - [37] . Thanks to the extreme deep-subwavelength confinement of light supported by GPs, we can demonstrate a longitudinal superlattice dipole array while simultaneously keep the supercell smaller than wavelength to suppress high-order diffractions, which is not possible for metallic structures. The behavior of spectral shifts of the Fano resonance in graphene superlattice is significantly different from that in metallic nano-resonator superlattices where transverse dipole arrays are generally taken into consideration [38] , [39] . Fig. 1(a) shows the schematic of the metasurface composed of a graphene ribbon superlattice. The supercell containing three identical graphene micro-ribbons of a width w and a local period s, repeats itself with a global period p. Finite element method (FEM) implemented by COMSOL was applied to model a plane wave with tangential magnetic (TM) polarization (magnetic field along the ribbon direction) illuminating the metasurface at normal direction. As a conductive mono-atomic layer, graphene is modeled as a zero-thickness interface in the calculation with a complex surface conductivity that is well described by a Drude model
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is the relaxation time with mobility μ = 10 4 cm 2 /(Vs) and Fermi velocity v f ≈ 10 6 m/s [6] . Fig.  1(b) shows the calculated transmission, reflection and absorption spectra of the metasurface. Both the transmission (blue) and reflection (red) spectra exhibit typical Fano lineshape with a sharp asymmetric profile at the wavelength of about 5.59 μm. The black curve is the fitted Fano resonance curve by fitting the reflection spectra to the following formulas, [40] 
where, C is a normalization factor, q is the Fano asymmetry factor, ε(ω)
are the resonance frequencies and spectral linewidth of the dark (bright) mode, respectively. From the fitted data, we obtain the resonance wavelengths and linewidths of the sharp resonance and broad resonance as
12 THz, respectively, and also the normalized factor of C = 1.05 along with the Fano asymmetric factor of q = 0.031. The Fano resonance is due to neither the symmetry breaking of the structure nor the detuned resonator pair as the previous works usually adopted. Instead, it originates from the interplay between the out-of-phase mode and the in-phase mode supported by the tri-ribbon supercell of the metasurface, as indicated by the insets of Fig. 1(b) . The out-of-phase mode at 5.59 μm [left inset of Fig. 1(b) ] exhibits a π phase shift between adjacent GP resonances, as the arrows of adjacent dipole momenta point to opposite directions. The out-of-phase distribution of the dipole array leads to a destructive interference in the far field, and thus the out-of-phase mode can be referred as to the dark mode that is usually sub-radiative. In contrast, the in-phase mode at 5.64 μm [right inset of Fig. 1(b) ] exhibits synchronous phase between adjacent dipole momenta, with the arrows pointing to the same direction all the time. Therefore, the in-phase mode typically refers to the bright mode with large radiative coupling with the external field. The interference between the in-phase bright mode and the out-of-phase dark mode finally leads to the Fano resonance as we observed in the spectra of Fig. 1(b) .
Spectral Evolution of the Fano Resonance in the Graphene Ribbon Superlattice
The Fano lineshape supported in the graphene superlattice metasurface is influenced by many geometry parameters of the structure. First of all, the width of the individual graphene ribbon w determines the resonance wavelength of the localized GPs with the typical relation w = λ eff /2, where λ eff is the effective wavelength of the GP mode, and the relation between effective wavelength λ eff and the incident wavelength λ is determined by the dispersion relation of the GP mode [6] . In our proposed graphene ribbon superlattice, the ribbon width w is carefully chosen such that the resonance wavelength of the localized GP is large enough, and at the same time the span of three ribbons is small enough to allow large tuning range of p and s. Now, we fix the local period s = 1 μm, and study the evolution of the Fano lineshape with the global period p. Fig. 2(a) shows the transmittance of the metasurface as a function of the wavelength λ and global period p. With the increase of the global period p, the broad resonance of the bright mode shifts to shorter wavelength, while the position of the sharp resonance of the dark mode is nearly unchanged at 5.58 um. We can also see from Fig. 2(b) that, as the global period increases from 2.3 μm to 2.9 μm, the sharp resonance gradually becomes narrower and shallower, and finally vanishes [lowest panel of Fig. 2(b) ], which is attributed to the reduced filling ratio of graphene ribbons and the influence of the absorption loss on the phase distribution of graphene ribbons. We note that, the resonance wavelength of the bright mode is negatively correlated with the global period p, which is in stark contrast with the previous works with metallic slit and strip superlattices [38] , [39] . It is because, in the present graphene ribbon superlattice case, the collective resonance mode can be seen as a longitudinal dipole array, whereas a transverse dipole array is considered in previous works. For the longitudinal in-phase dipole array, the electron charges on adjacent dipoles will reduce the resorting force of each dipole due to the mutual attraction between charges with opposite signs at adjacent dipoles, while this is opposite in the transverse in-phase dipole array [34] . When the global period p is increased, the mutual coupling between adjacent dipoles will reduce, alleviating the decrement of the restoring force, and thus increase the resonance frequency (decrease the resonance wavelength). Next, we study the evolution of the Fano lineshape with the local period s as shown in Fig. 3 . From  Fig. 3(a) , we see that, with the increase of the local period s, the broad resonance first blue-shifts when s < 1 μm, and then it red-shifts when s > 1 μm. The position of sharp resonance of the dark mode first shifts towards longer wavelengths when s < 1 μm, while it remains intact when s > 1 μm. At s = 1 μm, the sharp Fano lineshape disappears, because here s = p /3, the superlattice ribbon array degenerates to an ordinary periodic ribbon array with a periodicity of s. When s < p /3, the local spacing d L = s − w between adjacent ribbons within each supercell is smaller than the global spacing d G = p − 2s − w between nearby supercells [left inset of Fig. 3(a) ], thus the influence of local spacing s on the wavelength shift of the resonance mode dominates. In each supercell of the graphene ribbon metasurface, the charges on adjacent ribbons will repulse (attract) each other due to the same (opposite) signs of the charges on out-of-phase (in-phase) mode [insets of Fig. 1(b) ]. When s < p /3, the increase of global spacing will lead to the decrease (increase) of the resorting force, and thus the decrease (increase) of the resonance frequency of the out-of-phase (in-phase) mode. As a result, the sharp resonance of the dark mode and the broad resonance of the bright mode shift to longer and shorter wavelengths, respectively with the increase of s, as shown in the left part before the s = 1 μm line of Fig. 3(a) and the upper panels with s = 0.4 ∼ 0.8 μm in Fig. 3(b) . When s < p /3, the global spacing d G is smaller than the local spacing d L , [right inset of Fig. 3(a) ] so the influence of d G on the resonance wavelength shifting dominates. For the in-phase mode, the increase of s leads to a decrease of d G , and thus a decrease of both the restoring force and the oscillation frequency, so the broad resonance shifts to longer wavelengths again [right part with respect to the s = 1 μm line of Fig. 3(a) ]. Because the restoring force of the longitudinal outof-phase mode is always higher than that of the in-phase mode, the sharp resonance of the dark mode is always on the shorter wavelength side of the broad resonance, which is also different from the metallic slit and strip superlattice [38] , [39] , where the sharp resonance can either be higher or lower than the broad resonance.
Due to the dynamical tunability of permittivity of graphene, we can also manipulate the Fano resonance by external means such as chemical doping or exerting voltage on graphene to change the fermi level. Fig. 4 shows the transmission spectra with Fano lineshape for different fermi levels (a) from 0.3eV to 0.8eV, (b) from 0.9eV to 1.5eV. According to Drude model of the graphene's permittivity, the plasma frequency is proportional to the square root of fermi level. Therefore, when fermi level increases, the resonance frequency (wavelength) of the GP also increases (decreases). In addition, the spacing between adjacent resonant dips decreases due to the square root relation between the plasma frequency and fermi level. As a result, the overall Fano lineshape will shift towards shorter wavelengths when the fermi level E f increases, while the relative position between the sharp resonance and the broad resonance keeps unchanged. Based on this phenomenon, we can tune the working spectrum range of the Fano resonance for different applications, by simply changing the fermi level of the graphene. We note that, for small fermi levels [ Fig. 4(a) ], the Fano line shape become very shallow, which can be attributed to the increased absorption loss of the graphene with small fermi levels.
Conclusions
In summary, we present a Fano-resonant metasurface composed of graphene ribbon superlattice with a simple configuration. The relative spectral position of both the bright mode and dark mode of Fano resonance can be adjusted through the global and local period of the superlattice, without changing the geometry size of constituent graphene ribbons, while the overall dynamic tuning of Fano resonance can be realized by the fermi level of graphene. Our findings provide a convenient and flexible alternative to tune the plasmonic Fano resonance, which is highly desired in tunable biosensing and slow light applications.
